Polycystin-1 plays an essential role in renal tubular morphogenesis, and disruption of its function causes cystogenesis in human autosomal-dominant polycystic kidney disease (ADPKD). We demonstrated that polycystin-1 undergoes cleavage at G protein coupled receptor proteolytic site in a process that requires the receptor for egg jelly domain. Most of the N-terminal fragment remains tethered at the cell surface, although a small amount is secreted. PKD1-associated mutations in the receptor for egg jelly domain disrupt cleavage, abolish the ability of polycystin-1 to activate signal transducer and activator of transcription-1, and induce tubulogenesis in vitro. We conclude that the cleavage of polycystin-1 is likely essential for its biologic activity.
A utosomal-dominant polycystic kidney disease (ADPKD) is a common Mendelian disorder affecting 1 of every 1,000 people (1) . It can be caused by mutations of at least two genes, PKD1 and PKD2 (2) . The hallmark of the disease is the development of multiple bilateral cysts in kidney, resulting in progressive renal failure in 50% of patients by their sixth decade of age. ADPKD is a systemic disease with many extra-renal manifestations including liver cysts, pancreatic cysts, and intracranial aneurysms (1) .
Gene-targeting experiments suggest that PKD1 may function to regulate terminal differentiation of tubular structures in kidney and liver (3) and maintain the structural integrity of the vasculature (4) . Our in vitro studies have shown that the PKD1 gene product polycystin-1 can slow growth, promote resistance to apoptosis, and induce spontaneous tubulogenesis in MadinDarby canine kidney (MDCK) cells (5) . Recently, we showed that polycystin-1 regulates the cell cycle by means of direct activation of the Janus kinase-signal transducer and activator of transcription (JAK-STAT)-signaling pathway (6) .
Polycystin-1 contains a large N-terminal extracellular region with a combination of functional motifs, an odd number of transmembrane segments (TMs), and an Ϸ200-amino acid intracellular carboxyl terminus (7) . A large proportion of the extracellular amino terminus is composed of 15 tandemly repeated polycystic kidney disease (PKD) repeats, which can form homophilic interactions (8) . The cytoplasmic carboxyl terminus of polycystin-1 contains a coiled coil domain that is a site of interaction with polycystin-2 (9) . We recently showed (10) that this interaction targets polycystin-2 to the cell surface where the complex functions as a cation channel. The C terminus also binds to a number of other intracellular proteins, including G␣-subunits of heterotrimeric G proteins (11) , which is consistent with a function for polycystin-1 as a G protein-coupled receptor (12) .
Situated between the last PKD repeat and the first TM is the receptor for egg jelly (REJ) domain, a structure of unknown function, which was originally described in sea urchin receptor for egg jelly (suREJ1; ref. 13) . Immediately following this domain in both polycystin-1 and suREJ1 is a G protein-coupled receptor proteolytic site (GPS) domain (13, 14) . The GPS domain was first demonstrated to be the internal cleavage site for the neuronal G protein-coupled receptor (GPCR) latrophilin͞CL-1, with the actual cleavage site at HLˆT (where ''ˆ'' identifies the position of cleavage) Ϸ20 residues N-terminal from the membrane (15) . Latrophilin͞CL-1 belongs to the long-N-terminal family B GPCRrelated seven-transmembrane receptor (LNB-TM7) family of proteins, a group related to family B GPCRs that is extraordinary for having unusually large and complex N-terminal extracellular regions (16) . The relative position of the GPS domain is similar in polycystin-1 and members of the LNB-TM7 family, and cleavage at the site is predicted for both. Recently, suREJ3, a distant member of polycystin family in sea urchin, was shown to undergo cleavage, presumably at the GPS domain (17) . The conserved nature of the GPS domain in LNB-TM7s suggests that cleavage at this site is important for their function.
In this paper, we demonstrate that polycystin-1 undergoes cleavage at the GPS domain and provide compelling evidence that the cleavage is likely essential for the normal function of polycystin-1.
Materials and Methods
Generation of Polycystin-1 Cleavage Mutant Constructs. The construct WT was the base plasmid for the generation of the cleavage mutants. WT was derived from pCI-PKD1-Flag (10) by eliminating the BglII site of the vector. The cleavage mutants were generated in a two-step PCR procedure by using pfu DNA polymerase and WT as template. 5Ј and 3Ј PCR products with compatible ends were generated with the desired mutant nucleotide included in one of the primers, digested with the appropriate enzymes, and then cloned into the same sites of WT in a tri-molecular ligation reaction. Details for specific constructs are available upon request. The FL cDNAs encoding the WT and cleavage mutant polycystin-1 proteins were subcloned into a modified episomal expression vector pREP10 (Invitrogen) to generate episomal expression constructs for each protein.
pET28c (Novagen). After expression in Escherichia coli, the protein was affinity-purified by using Ni-agarose beads according to the instruction of the manufacturer (Qiagen, Chatsworth, CA) and then used to immunize rabbits. ␣-CT has been described (5).
Cleavage Assay. The construct was transfected into various mammalian cells by using Lipofectamine Plus (Life Technologies, Rockville, MD). The cells were lysed in buffer [20 mM sodium phosphate, pH 7.2͞150 mM NaCl͞1 mM EDTA͞10% (vol͞vol) glycerol͞0.5% Triton X-100] containing complete protease inhibitor cocktails (Roche Molecular Biochemicals) for 1 h on ice. The cleared supernatant was subjected to immunoprecipitation (IP) by using either agarose-conjugated ␣-Flag (Sigma) or affinity-purified ␣-CT or ␣-GFP (Roche Molecular Biochemicals). The IP product was resolved on a 4% or 3-8% SDS gel, electro-blotted to a poly(vinylidene difluoride) membrane, and probed with various antibodies.
Immunoflorescence. Human embryonic kidney (HEK) cells were transfected with the expression constructs and were fixed 24 h later in 3% (wt͞vol) paraformaldehyde and 2% sucrose in PBS (pH 7.4) for 10 min, followed by incubation in 1% (wt͞vol) SDS in TBS to permeabilize membranes. After preincubation with 5% (wt͞vol) BSA in TBS, cells were incubated with ␣-CT for 30 min at 37°C, washed, and stained with Rhodamine-conjugated anti-mouse IgG antibody for 30 min, then washed thoroughly and imaged. Florescence images were obtained by using a confocal microscope, Noran OZ (Noran Instruments, Middleton, WI).
In Vitro Tubulogenesis Assay. MDCK cells were transfected with episomal expression construct by using Lipofectamine 2000 (Invitrogen). Two days after transfection, cells were cultured for up to 2 weeks under selection by using hygromycin (150 g͞ml) to eliminate untransfected cells. Surviving colonies were pooled and grown to confluence. Then, they were trypsinized and cultured in a collagen type I mixture for up to 2 weeks as described (5).
Miscellaneous. Surface biotinylation experiments were performed according to the manufacturer's instructions with slight modification (Pierce). The pulse-and-chase experiment used Tran 35 SLabel and CELLect Met͞Cys Deficient media (ICN). The luciferase assays were carried out as described (6) .
Results

Polycystin-1 Cleavage at the GPS Domain and Tethering of the NTF.
The GPS domain is located immediately N-terminal to the first TM of polycystin-1 ( Fig. 1 A and B) . Cleavage at the consensus site HLˆT was predicted to result in an Ϸ325 kDa N-terminal fragment (NTF) of 3,048 amino acids and an Ϸ150 kDa C-terminal fragment (CTF) of 1,254 amino acids (Fig. 1B) . To test this hypothesis, we transiently expressed the construct WT, which encodes full-length (FL) polycystin-1 with a C-terminal Flag-epitope, in several mammalian cell lines (HEK, HeLa, COS1, CHO, and HepG2). Recombinant polycystin-1 was immunoprecipitated with ␣-Flag or an antibody that recognizes the C terminus of polycystin-1 (␣-CT) and analyzed by Western blotting by using the same antibodies. Identical results were obtained with each cell line, and the HEK data are shown representatively in Fig. 1C . Both ␣-CT and ␣-Flag detected FL polycystin-1 of Ϸ520 kDa, which is consistent with our previous result (18) , and a smaller fragment of Ϸ150 kDa of comparable signal intensity. Similar sized fragments were detected by ␣-CT in an MDCK cell line (C8͞68; ref. 5) with stable expression of untagged FL polycystin-1 but not in the control cell line (F6). These results suggest that polycystin-1 is, in fact, cleaved at the GPS domain. The presence of the FL protein indicates that the cleavage reaction was not complete, however.
If such a cleavage occurs, we reasoned that the corresponding NTF should be detected by ␣-LRR that recognizes the LRR domain contained therein. Indeed, we found this to be the case. The antibody recognized both FL and a slightly faster migrating fragment of Ϸ370 kDa in the protein lysates of C8͞68 but not in F6 (Fig.  1C) . The smaller fragment decreased to Ϸ325 kDa, the expected size of NTF, upon peptide N-glycosidase (PNGase) digestion (not shown). We confirmed the result by using a second FL construct with an N-terminal GFP-tag (GFP-WT). An antibody specific for GFP immunoprecipitated both the GFP-tagged version of FL polycystin-1 and its NTF cleavage product, as revealed by ␣-LRR.
We queried whether endogenous polycystin-1 undergoes cleavage in cells known to express PKD1 (3). We examined the cleavage of polycystin-1 in normal kidney tissue and in human primary umbilical and aortic endothelial cells by IP using ␣-CT. Although we were unable to detect polycystin-1 products in an unambiguous manner by using the same antibody on Western blot, we could detect FL polycystin-1 using ␣-LRR (Fig. 1D) . Remarkably, the antibody also detected a smaller band corresponding in size to NTF. This observation suggested that NTF is tethered after cleavage, as has been previously shown for latrophilin͞CL-1 (15) . This possibility could be confirmed by reciprocal co-IP of NTF and CTF from cells expressing GFP-WT.
To determine whether the NTF products resulted from postcleavage tethering in vivo or from cleavage of FL polycystin-1 during or after IP, we performed a pulse-and-chase experiment and assayed the cleavage of polycystin-1 (Fig. 1E) . We found that FL polycystin-1 was the only product detected immediately after the completion of pulse-labeling. Within 10-15 min of chase, however, NTF became visible and its intensity increased gradually with time, reaching a level equal to that of FL protein within 2 h. If cleavage and tethering had occurred after cell lysis during the experimental procedure, a similar cleavage pattern would have been observed for all time points. ␣-Flag used to precipitate polycystin-1 products bound a nonspecific band that overlapped CTF, precluding the evaluation of CTF kinetics (not shown).
Site-Specific Mutagenesis of the GPS Domain of Polycystin-1. The GPS domain is an unusual signal for cleavage in that it also includes sets of highly conserved residues distant to the predicted cleavage site HLˆT (see Fig. 1A ). We examined the role of these residues for cleavage by site-specific mutagenesis (Fig. 1 F and G) . The analyses of the consensus HLT sequence revealed a critical role of both histidine (H-2, with -2 indicating the position 2 residues N-terminal to the cleavage site) and threonine (T ϩ 1), as their replacement by other residues abolished the cleavage reaction. Proper proteolytic processing did not require L-1, however, as replacement by similar or larger nonpolar residues (M or F) was less detrimental. The conserved residues outside of HLT (C-6, C3015, F ϩ 3) were also found to be important for cleavage, whereas replacement of several nonconserved residues (R-10, A ϩ 2 not shown) had no effect. These data show that the highly conserved residues of the GPS domain common to LNB-TM7s and polycystin-1 are essential for cleavage of the latter and suggest a common proteolytic machinery and mechanism for these proteins.
Characterization of Tethering.
Because NTF remains tethered after cleavage, we examined whether it can be tethered by CTF, as has been reported for latrophilin͞CL-1 (15) . As shown in Fig. 2A , the soluble form of NTF, E3020X (a naturally occurring mutant with premature termination within the GPS domain; ref. 19) can be coprecipitated by CTF, when the molecules are coexpressed as separate proteins. Further confirmation was provided by colocalization studies of N-terminal GFP-tagged E3020X (GFP-E3020X) with CTF. Whereas GFP-E3020X expressed alone showed essentially intracellular GFP fluorescence, coexpression with CTF resulted in a plasma membrane pattern that overlapped that seen with ␣-CT. These results suggest that CTF alone was sufficient to tether NTF at or near the cell surface.
We then examined the chemical nature of the tethering by assaying the effect of protein denaturation on the process. We found that denaturation by SDS and boiling abolished co-IP of NTF, demonstrating that the tethering of NTF is noncovalent (Fig. 2B) . We obtained similar results when the experiment was performed under denaturing and reducing conditions, confirming that the coexisting 520-kDa FL product is indeed the uncleaved form of polycystin-1 and not a processed two-chain structure tethered by disulfide bonds. Given the noncovalent nature of tethering, we queried whether any NTF escapes tethering and is secreted as a soluble protein (Fig. 2C) . We could detect a minute amount of NTF in the medium of cells transfected with WT, but not of cells transfected with a noncleavable form T͞R(ϩ1) (see Fig. 1) expressed at a similar level [lane T͞R(ϩ1)]. E3020X was readily secreted into the medium (lane E3020X). This result shows that a small amount of NTF is secreted but the majority remains tethered to the cell.
Polycystin-1 Cleavage Requires the REJ Domain. The GPS domain is situated at a similar position in polycystin-1 and all LNB-TM7s, i.e., immediately N-terminal to the first TM. We sought to determine whether this domain can function as an autonomous cleavage signal in a heterologous context. When all domains N-terminal to the GPS domain in polycystin-1 were replaced with alkaline phosphatase (AP-GPS-CTF), cleavage did not occur (Table 1 ). This result indicates that GPS alone was not sufficient to support the cleavage reaction, and additional elements present in the N-terminal extracellular sequence of polycystin-1 are required for the process. To determine what those might be, we generated a series of constructs containing the intact GPS domain and different segments of the N-terminal extracellular region and tested for cleavage of each product (Table 1) . Polycystin-1 molecules that lack either virtually the entire [⌬(2145-2963)] or part [⌬(2493-2963)] of the REJ domain failed to be cleaved. This result indicates that the intact REJ domain is required to support cleavage at the adjacent GPS domain. In contrast, polycystin-1 molecules containing the intact REJ domain but with various deletions N-terminal to the domain did undergo partial cleavage. These data show that the REJ domain is both necessary and sufficient for cleavage to occur. We confirmed that cleavage occurred at the GPS rather than at another position because of the unnatural assortment of amino acid sequences by using constructs that were known to inhibit cleavage.
Cleavage of Polycystin-1 Is Disrupted by PKD1 Mutations. If cleavage of polycystin-1 is important for its function, then one might predict that pathologic mutations affecting the sequence at or near GPS would disrupt this process. To date, no missense mutations have been reported that alter the GPS sequence. A few mutations have been identified, however, that map within the REJ domain (Fig. 3A) . Included in this set are three germline mutations (Q3016R, L2993P, and E2771K), a de novo mutation (H2921P), and an acquired somatic mutation (F2853S; refs. [19] [20] [21] . Each of the residues is conserved at its relative position among many species. Therefore, we generated a series of expression constructs bearing the mutations and tested for the effect of each substitution on cleavage. We found that each of the mutations almost completely inhibited cleavage (Fig. 3B) . As a corollary to the previous hypothesis, three polymorphisms (F3064L, E2996D, R2791Q; refs. 19, 22) in the same region that were suitable for testing did not affect the cleavage pattern.
We excluded abnormal trafficking of the mutant proteins as a trivial explanation for the impaired cleavage reaction. Similar cell surface pattern of staining was seen for the N-terminally GFP-tagged mutant (GFP-L2993P and GFP-Q3016R) and normal (GFP-WT) proteins (Fig. 3C ). This result was confirmed by surface biotinylation study (Fig. 3D) . We found that WT FL polycystin-1, its cleavage products (CTF, lanes 2 and 3; NTF, data not shown) as well as the uncleavable Q3016R (lane 4) were biotinylated. As a control, CM130, a Golgi resident protein, was not detected in the streptavidin eluates, although it was present in the total lysates (data not shown). Taken together, the results suggest that the cleavage reaction may be essential for the normal function of polycystin-1.
Cleavage Mutants Have Impaired Function. We tested this hypothesis by using an in vitro tubulogenesis model that recapitulates some cardinal features of polycystin-1 function in vivo (5) . We had previously demonstrated that polycystin-1 can induce formation of tubule-like structures in MDCK cells, which otherwise form spherical cysts when cultured in 3-dimensional collagen gels (5) . Therefore, we expressed a series of cleavage-deficient polycystin-1 proteins in MDCK cells by using a population-based episomal expression system and tested for the ability of each mutant protein to induce tubulogenesis (Fig. 4A) . As expected, we found that cells of the parental MDCK line and those transfected with empty vector formed cyst-like structures, whereas cells transfected with WT consistently developed tubules (Fig. 4 B and C) . In contrast, 88-99% of the structures formed by cells expressing either R4227X or the cleavage mutants were cysts. R4227X is a mutant form of polycystin-1 previously shown to be incapable of associating with polycystin-2 (10), unable to function as a GPCR (12) , or unable to activate the JAK-STAT pathway (6) . These results suggest that cleavage of polycystin-1 is required for its tubulogenic properties as measured by this assay.
We have recently shown that polycystin-1 signals, at least in part, through direct activation the JAK-STAT pathway (6) . We used a luciferase reporter assay because we had previously shown that its results were predictive of those obtained by using a comprehensive approach. We found that WT induced four-to fivefold higher relative luciferase activity than either mutant construct (Fig. 4D) . The results obtained for F2853S and R4227X were indistinguishable.
Discussion
In this study, we have shown that polycystin-1 is internally cleaved very rapidly after its synthesis in vivo. Although the cleavage site is not formally determined, both the predicted size of the N-and C-terminal cleavage products and the results of the site-specific mutagenesis assays strongly suggest that cleavage occurs at the consensus HLˆT sequence of the GPS domain. We have provided multiple independent lines of evidence that strongly suggest that this process is essential for the full biological activity of polycystin-1. We speculate that cleavage of polycystin-1 results in the creation of a high-affinity binding pocket for as-yet unidentified ligands, as has been suggested for other receptor molecules (23) (24) (25) . Cleavage of polycystin-1 may also be required for efficient signal transduction after ligand binding (23) .
One remarkable finding is that the GPS domain alone is not sufficient to support the cleavage and requires the adjacent REJ domain for the reaction to occur. The REJ domain also occurs in suREJ3 (17) and probably plays a similar role for cleavage of that molecule. It is not found in LNB-TM7s, however. Interestingly, all known LNB-TM7 proteins contain a structurally undefined region of various length immediately N-terminal to the GPS domain, and which corresponds to the REJ domain in polycystin-1 (16); we speculate that this region might have a similar function. The mechanism by which the REJ domain supports cleavage at the GPS domain is unknown. We hypothesize that the REJ domain and the analogous region of LNB-TM7s share a common structural fold that serves to expose the GPS domain for the proteolytic machinery. Alternatively, this structure might bind to other molecules that affect the cleavage at the GPS domain.
One unique aspect of the polycystin-1 cleavage was that it was incomplete in all cell types under the conditions tested. Given that endogenous polycystin-1 had a similar property, this observation is unlikely to be an artifact resulting from over-expression of recombinant protein, as has been described for presenilin-1 (26) . This result prompts consideration as to what factors might be responsible for regulating cleavage and whether these are dynamically controlled. One possibility is that posttranslational modifications of polycystin-1 may alter its conformation in such a way that it no longer is capable of undergoing cleavage. An alternative explanation is that there is another molecule that binds to FL polycystin-1 and thereby inhibits its cleavage.
Another remarkable feature of the polycystin-1 cleavage is the observation that most of the NTF product of polycystin-1 is tethered to the membrane-bound CTF in a noncovalent fashion, similar to that seen for LNB-TM7 family members latrophilin͞CL-1 (15), CD97 (27) , and for suREJ3 (17) . As a corollary, a small amount of NTF can escape tethering and be secreted into the medium. These observations raise the intriguing possibility that the binding of NTF to CTF may be dynamic and subject to localized changes in the microenvironment present at the cell surface, as has been suggested for CD97 (27) . It is possible that either additional molecules or other local effects may modulate release of tethered NTF and thereby affect signal transduction by polycystin-1.
